Hyaluronic acid (HA) has been implicated in the proliferation and metastasis of tumor cells. However, most previous studies were conducted on extracellular matrix or pericellular HA, and the role of circulating HA in vivo has not been studied. HA is rapidly cleared from the bloodstream. The scavenger receptor Stabilin-2 (Stab2) is considered a major clearance receptor for HA. Here we report a dramatic elevation in circulating HA levels in Stab2-deficient mice without any overt phenotype. Surprisingly, the metastasis of B16F10 melanoma cells to the lungs was markedly suppressed in the Stab2-deficient mice, whereas cell proliferation was not affected. Furthermore, administration of an anti-Stab2 antibody in Stab2 + mice elevated serum HA levels and prevented the metastasis of melanoma to the lung, and also suppressed spontaneous metastasis of mammary tumor and human breast tumor cells inoculated in the mammary gland. Administration of the antibody or high-dose HA in mice blocked the lodging of melanoma cells to the lungs. Furthermore, HA at high concentrations inhibited the rolling/tethering of B16 cells to lung endothelial cells. These results suggest that blocking Stab2 function prevents tumor metastasis by elevating circulating HA levels. Stab2 may be a potential target in antitumor therapy.
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cancer | hyaluronan | imaging | antibody therapy | sinusoid S cavenger receptors mediate the endocytosis of metabolic waste products produced under normal and pathological conditions, as well as harmful foreign substances, such as bacterial debris absorbed in the gut. The liver functions as a major filter to eliminate such molecules from the circulation. Liverspecific capillaries known as sinusoids are vital to this function; for example, more than 90% of circulating hyaluronic acid (HA) is cleared by liver sinusoids (1) . Sinusoidal walls consist of hepatic sinusoid endothelial cells (HSECs), stellate cells, and liver resident macrophages known as Kupffer cells. HSECs and Kupffer cells express various types of scavenger receptors to fulfill the filter functions. Among those scavenger receptors, Stabilin-1 (Stab1, also known as FEEL-1 and CLEVER-1) and Stabilin-2 (Stab2, also known as FEEL-2 and HARE) are structurally related, exhibiting 55% homology at the protein level, and expressed on HSECs (2) .
Stab1 and Stab2 are large type I transmembrane glycoproteins containing four domains with EGF-like repeats, seven fasciclin-1 domains, and an X-link domain (3) . Despite these two glycoproteins' structural similarity, the spectrum of their ligands differs significantly. Stab1 is expressed on lymphatic vessels and macrophages as well as HSEC and binds to acetylated lowdensity lipoprotein (ac-LDL), secreted protein acidic and rich in cysteine, placental lactogen, growth differentiation factor 15, and Gram-positive and Gram-negative bacteria, but not to HA (2, (4) (5) (6) (7) (8) . It also mediates leukocyte trafficking (9) . Stab2 is expressed on the sinusoid endothelium in the liver, spleen, and lymph nodes and has been used as a specific marker for HSECs (10) . It binds to and mediates the endocytosis of HA, advanced glycation end products-modified protein, and heparin in addition to ac-LDL, growth differentiation factor 15, and bacteria (2, 4) . Stab2 also recognizes membrane phosphatidylserine of apoptotic cells (11) . Previous studies found that unlabeled chondroitin sulfate inhibited the uptake of 125 -I-HA (12) , and that ac-LDL binding to Stab2 was partially competed by heparin and dextran sulfate, but not competed by HA (13) . These findings suggest that the HA binding site overlaps with the binding site of chondroitin sulfate but differs from the binding sites of ac-LDL, heparin, and dextran sulfate.
HA is a glycosaminoglycan of the extracellular matrix consisting of tandem repeats of D-glucuronic acid and N-acety-Dglucosamine. HA is abundant in the umbilical cord, articular joints, cartilage, and vitreous humor (14) . It has been implicated in various physiological functions, including lubrication, water homeostasis, filtering effects, regulation of plasma protein distribution, angiogenesis, wound healing, and chondrogenesis (15) . Signal transduction and functions of HA differ depending on molecular size; for example, high molecular weight HA suppresses angiogenesis, whereas HA fragments stimulate angiogenesis (16) .
HA interacts with various cell surface receptors, including CD44, Lyve-1, TLRs, RHAMM, and Stab2 (17, 18) . CD44, the most extensively characterized of these receptors, is expressed at varying levels in most immune cells and is involved in their rolling and extravasation via HA displayed on endothelial cells (ECs) (19) . CD44 is also implicated in tumorigenesis and a marker for cancer stem cells (reviewed in ref. 20) . Lyve-1 is structurally related to CD44 and is expressed in lymphatic vessels as well as in HSECs (21) . TLR2 and TLR4 bind to HA or a complex of HA and HA-binding protein (18, 22) ; however, none of the mice deficient for CD44, Lyve-1, or TLRs have been shown to affect circulating HA levels in vivo. Although Stab1 and Stab2 are structurally related scavenger receptors with the HAbinding link domain, only Stab2 binds HA, and thus it has been considered the primary scanvenger receptor for HA (2, 3, 5) .
HA, HA synthases (HAS), hyaluronidases, and HA receptors have been implicated in various tumors, including carcinomas, lymphomas, and melanocytic and neuronal tumors (23, 24) . Overexpression and knockdown of HAS and hyaluronidases have revealed that HA positively regulates proliferation, invasion, cell motility, multidrug resistance, and epithelial-mesenchymal transition in many tumor cell lines in vitro and in vivo (reviewed in ref. 23 ). Furthermore, an HAS inhibitor, 4-methylubelliferon, has been shown to decrease tumor proliferation and metastasis (25, 26) .
Despite the importance of HA in tumorigenesis, assessing the role of circulating HA in tumor progression is difficult, because HA administered in the body is rapidly eliminated from the bloodstream (1) . In this study, we generated Stab2 KO mice in which plasma HA levels were significantly elevated without any overt phenotype. Unexpectedly, tumor metastasis was markedly suppressed in these mice. We also found that administration of an anti-Stab2 antibody in WT mice elevated circulating HA levels and prevented tumor metastasis. Finally, we found that administration of a high dose of HA prevented the attachment of melanoma cells to the lungs in vivo and in vitro, and examined a possible link between circulating HA levels and tumor metastasis.
Results
Elevation of Circulating HA Levels in Stab2 KO Mice. To address the physiological roles of Stab2 in vivo, we generated a Stab2 KO mouse line by replacing most of the first exon, including the ATG initiation codon and the first intron, with the LacZ and neomycin resistance genes (Figs. S1 A-C). The lack of Stab2 expression in KO mice was confirmed by RT-PCR and immunostaining (Figs. S1 D and H and S2D), Stab2-deficient mice were born according to the Mendelian ratio, grew normally, and showed no apparent abnormalities ( Fig. S1 E and F) . Histological analyses revealed no significant changes (Fig. S1G) . Staining of liver sections with the anti-CD31 antibody, which binds HSECs as well as other types of ECs in the liver, demonstrated normal development of HSECs (Fig. S1H) . Furthermore, we found no significant differences in conventional diagnostic markers for functions of the pancreas, liver, and kidney (Table  S1 ). These results indicate that Stab2 is dispensable for normal development and viability in mice.
Given that Stab2 is a known scavenger receptor that binds and eliminates from the circulation various substances, including HA, ac-LDL, and heparin (4, 27, 28), we assessed the circulating levels of these substances in Stab2 KO mice. Although serum levels of ac-LDL and heparin were unchanged in the Stab2 KO mice (Table S1 ), serum HA levels were dramatically increased, by as much as 59-fold over control values (Fig. 1A) . Because HA's molecular size affects its function (16), we next analyzed the molecular size of serum HA by electrophoresis using StainsAll (which stains negatively charged molecules), and estimated it as ∼40 kDa (Fig. S1J ). Given that >90% of the circulating HA is cleared by HSECs (1), and that Stab2 is specifically expressed in HSECs, we examined whether the high serum HA levels in Stab2 KO mice were due to impaired endocytosis. We prepared HSECs from WT and Stab2 KO mice and quantitatively evaluated their endocytotic activity based on the internalization of FITC-labeled HA and DiI-labeled ac-LDL (DiI-Ac-LDL) (Fig. 1B and C and Fig. S1 K and L). Although there was no significant difference in the internalization of DiI-Ac-LDL between WT and Stab2 KO mice, the internalization of HA into Stab2-deficient HSECs was markedly decreased, to only ∼8% of the WT level. We also examined the expression of other HA receptors (CD44 and Lyve-1) and HA synthases (HAS1, HAS2, and HAS3) that can potentially affect HA levels, but found no significant changes in the Stab2 KO mice ( Fig. S2 A and B) . These results provide clear evidence that Stab2 is the major clearance receptor for HA in the body. To analyze the early stages of metastasis, we also conducted imaging in vivo, because the nodules of B16F10 cells at day 7 were too small to count. B16F10 cells were stably transfected with the firefly luciferase gene to generate B16F10-luc-G5 cells, , n = 5; *P < 0.05).
which were then injected i.v. into littermates of Stab2 +/+ and Stab2 −/− mice. After 7 d, tumor metastasis was measured based on the luminescence of luciferase. Photon counts were significantly decreased in the Stab2 −/− mice, indicating inhibition of metastasis at an early stage (Fig. 2 D and E) .
Administration of Anti-Stab2 Antibody Increases Serum HA Levels and Prevents Tumor Metastasis. We next investigated whether Stab2 functions could be blocked by an anti-Stab2 antibody in vivo. We generated several mAbs against the extracellular domain of Stab2 by immunizing rats with BaF3 cells expressing Stab2 and one of them (#34-2, ref. 10) was found to inhibit HA binding to Stab2 as assessing by internalization of FITC-labeled HSECs in vitro (Fig. 3A) . To test whether that anti-Stab2 mAb has any effect on the plasma HA level in vivo, we injected it i.p. into C57BL/6 mice every 3 d and monitored serum HA levels. Within 3 d of the first injection, serum HA levels were increased in all of the mice given the anti-Stab2 mAb, but not in the mice treated with rat IgG (Fig. 3B) . We obtained the same results using SCID mice (Fig. 4 A and J) . These findings clearly indicate that the anti-Stab2 mAb effectively increased plasma HA levels by inhibiting Stab2 function in vivo. To examine whether this mAb prevents tumor metastasis, we injected mice with either antiStab2 mAb or control rat IgG, followed 2 d later by i.v. injection of B16F10 cells. The anti-Stab2 mAb significantly suppressed metastasis ( Fig. 3 C and D) . Taken together, these results indicate that the anti-Stab2 mAb elevates circulating HA levels by blocking the clearance of HA in HSECs, and that serum HA levels are inversely correlated with tumor metastasis.
Because the anti-Stab2 mAb elevated plasma HA levels in immune deficient mice, we investigated its effect on spontaneous metastasis by multiple cancer cells in SCID mice. To do so, we transplanted MDA-MB-231-luc-D3H2LN cells (human mammary gland adenocarcinoma cells expressing luciferase) into the abdominal mammary glands of SCID mice. After 21 d, tumor metastasis in the upper body, including the brachial lymph nodes, was evaluated by luminescence analysis. The number of photons derived from metastasized cells in the upper body was significantly reduced in the mice treated with the anti-Stab2 mAb (Fig.  4 A-D) . We also transplanted 4T1-LucNeo-1H mouse mammary tumor cells expressing luciferase into the mammary fad pads of
start of antibody treatment, metastatic luminescence signals and the numbers of histological lesions in the lung were reduced in the anti-Stab2 mAb-treated mice. Given the lack of significant difference in the size of primary tumors (Fig. 4 E-L) , anti-Stab2 mAb can be considered to inhibit spontaneous metastasis.
Examination of Possible Mechanisms for Inhibition of Metastasis. To investigate the inhibitory mechanism of metastasis observed in the Stab2 KO and anti-Stab2 mAb-treated mice, we first analyzed whether HA affects tumor cells in vitro. We evaluated the effects of a 31-kDa HA (similar in size to HA in circulation; Fig.  S1J ), on cell proliferation, apoptosis induced by hydrogen peroxide, migration, and invasion into the basal membrane. None of these assays demonstrated any significant effect of HA on tumor cells at various concentrations (Fig. S3 A-E) .
Because the proliferation as well as metastasis of tumors is under surveillance by the immune system, and HA has been implicated in the immune system, we examined the immune cells of Stab2 KO mice for any changes. We found no significant differences in fractions of regulatory T cells, NK cells, macrophages, and myeloid-derived suppressor cells in bone marrow, peripheral blood, and spleen in Stab2 KO mice compared with WT mice (Fig. S4A ). In addition, we found no alterations in serum levels of TNF-α, IFN-γ, IL-2, IL-4, IL-6 IL-10, and IL-17A (Fig. S4B) , or in the activation of macrophages in vivo and sensitivity to i.p. LPS (Figs. S2E and S4C ). These results showing no significant alterations in the immune system in Stab2 KO mice suggest that the immune system may not be directly involved in the inhibition of tumor metastasis.
Attachment of Melanoma Cells to the Lungs Is Prevented by an
Increase in Plasma HA. Intravenously injected melanoma cells are thought to roll through the bloodstream and lodge in the lungs, where they proliferate. Our finding that the melanoma cells injected s.c. in Stab2 KO mice formed tumors as large as those seen in their WT littermates (Fig. 2C) suggests that the homing of i.v. injected tumor cells to the lungs might be altered in the mutant mice. To analyze the attachment of melanoma cells to the lung in vivo, we inoculated B16F10-luc-G5 cells i.v. After 6 h, mice were perfused with PBS via the portal vein to remove blood cells from the tissues, and luciferase activity in the lungs was evaluated. The luciferase activity in the lungs was significantly decreased in Stab2 KO mice and in mice treated with the antiStab2 mAb compared with WT mice and rat IgG-treated mice ( Fig. 5 A and B) . These results indicate that tumor metastasis was prevented at an early stage of penetration in the lungs.
Because plasma HA level has been suggested to be involved in the metastasis of melanoma cells, and HA binds to cell surface molecules such as CD44, we investigated whether HA mediates the attachment of tumor cells to tissues. We first tested the binding of melanoma cells to HA by plating B16F10 cells on an HA-coated plate, and found that the cells attached to the plate via HA (Fig. S3F) . Adding HA at the concentration found in Stab2 KO mouse sera inhibited the binding of B16F10 to the HA-coated plate. This finding suggests that the increased plasma HA in the mutant mice inhibits metastasis by preventing the attachment of melanoma cells to the lung via HA.
We also investigated whether HA prevents the attachment of B16F10 cells to the lung. Although i.v. injected HA is rapidly cleared from the bloodstream (1), we found that a very high dose of HA administered via the tail vain elevated the serum HA level for several hours (Fig. 5C) . Thus, we injected HA at a dose of 20 mg/kg body weight every 8 h for 24 h to increase the plasma HA level, and then transplanted B16F10-luc-G5 cells. At 6 h after B16F10-luc-G5 cell transplantation, luciferase activity in the lungs was significantly reduced, whereas the serum HA level remained elevated in those mice pretreated with HA ( Fig. 5 D and E) .
Finally, to prove that increased HA level decreases the arrest of tumor cells in lung capillaries, we performed in vitro rolling/ tethering assays using a VenaEC system. Pulmonary ECs from WT mice were cultured on VenaEC substrates and connected to a microfluidic device. Rolling/tethering between pulmonary cells and B16 melanoma cells under share stress was observed ( ) were injected into the tail vein with 20 mg/kg of HA. After 6 h, serum samples were collected, and plasma HA levels were analyzed at the end of experiment (n = 8; **P < 0.01). (E) Cells remaining in the lungs were detected based on luciferase activity at D as in A (n = 8; **P < 0.01). (F) Schematic diagram of the VenaEC system (Cellix). (G) Rolling and/or tethering of B16 melanoma cells onto pulmonary ECs using the VenaEC system. Pulmonary ECs from 6-d-old WT (C57BL/6) mice were isolated, cultured, and stained with 5 μM CMFDA (green) and 10 μM Hoechst 33342 (blue). B16F10 cells were stained with 5 μM CMTPX (red) and 10 μM Hoechst (blue). The pulmonary cell chamber was connected to a microfluidic device, and perfusion for 5 min with VL medium containing stained B16F10 cells at 0.7 dynes/cm 2 was performed during confocal observation of cell kinetics. Representative images of B16 melanoma cells with low (0.55 μg/mL) and high (33 μg/mL) HA concentrations are shown (Movies S1 and S2). White arrows denote flow directions, and red arrows indicate rolling and/or tethering B16F10 cells. (H) Quantification of rolling/tethering to the pulmonary ECs. The numbers of rolling/ tethering B16F10 cells were counted. Note that HA at high concentrations inhibited the rolling/tethering of melanoma cells onto pulmonary endothelium (n = 20 images from five experiments; *P < 0.05). (Scale bar: 100 μm.) α-Stab2 denotes anti-Stab2 mAb.
cells. In contrast, at a high HA concentration (33 μg/mL, similar to Stab2 −/− serum levels), tethering was significantly reduced (Fig. 5 G and H and Movies S1 and S2). These results indicate that a high level of HA in the circulation prevents the attachment of melanoma cells to the lung.
Discussion
In this study, using Stab2 KO mice and an anti-Stab2 mAb, we provide several lines of evidence indicating that Stab2 is the major clearance receptor for circulating HA. This finding is consistent with the results of a previous in vitro study showing that Stab2, not its homolog Stab1, is the major clearance receptor for HA (5) , as well as a recent study using Stab1 and Stab2 KO mice (2) . In addition, KO mice deficient in either Lyve1 or Stab1 showed no change in serum HA levels (2, 29) , further supporting this idea. Although Stab2 is known to bind other molecules, such as ac-LDL and heparin, serum levels of ac-LDL and heparin were not increased in the Stab2 KO mice, and the internalization of ac-LDL into Stab2-deficient HSECs was normal, indicating that those molecules are cleared by other scavenger receptors, such as Stab1. Therefore, we conclude that Stab2 is the bona fide clearance receptor for circulating HA in vivo.
An unexpected finding-and perhaps the most important result of this study-is the markedly reduced metastasis of melanoma cells in the Stab2 KO mice. Furthermore, i.p. administration of the blocking mAb for Stab2 also increased the serum concentration of HA and inhibited tumor metastasis in the Stab2 +/+ mice at levels comparable to those in Stab2 KO mice (Fig. 3) . The KO mice were fertile, developed normally, and exhibited no hematological or histological changes except for the increased serum HA level ( Fig. S1 and Table S1 ). Although Stab2 has multiple ligands, only HA levels were altered in the Stab2 KO mice, and the anti-Stab2 mAb caused phenotypes similar to those in the Stab2 KO mice. Thus, we focused on HA to investigate the mechanism preventing metastasis, and carried out various experiments in vitro and in vivo. Our in vitro experiments indicated that HA did not affect the proliferation, migration, and invasion of B16F10 cells (Fig. S3 A-E) . Moreover, the weights of tumors formed by s.c. transplanted melanoma cells, as well as the cell cycle status of i.v. injected melanoma cells, were not changed in the Stab2 KO mice, indicating that the lack of Stab2 does not affect tumor proliferation in vivo (Fig. 2C and Fig. S3B ). Likewise, mammary tumor cells formed primary tumors in abdominal fat pads, but tumor formation in the lymph nodes or lung was severely suppressed by anti-Stab2 mAb (Fig. 4) . These results strongly suggest that tumor metastasis is prevented by a mechanism other than proliferation.
Tumorigenesis is controlled by the immune system, and the role of HA in the immune system has been studied extensively. Of note, HA binds to TLR2 and TLR4, which play important roles in innate immunity (18) . We examined several parameters of the immune system, focusing first on macrophage functions, given that HA has been shown to alter immune responses via TLR4 that binds to LPS (18) . However, macrophage activation and the severity of sepsis induced by i.p. injected LPS were not changed in Stab2 KO mice or in mice treated with the anti-Stab2 mAb (Figs. S2E and S4C) . Furthermore, levels of inflammatory cytokines in serum and populations of various immune cells were not affected (Fig. S4 A and B) . Therefore, inhibition of Stab2 function does not appear to directly affect the immune system. It is known that HA's functions depend on its molecular size, which varies from a few kDa to a few MDa (16) . In the present study, HA molecules in Stab2 KO serum were ∼40 kDa in size (Fig.  S1J) . possibly explaining some of the discrepancy between our results and those of previous studies.
Tumor cells circulate through the bloodstream and penetrate preferable tissues. Given that the s.c. proliferation of melanoma cells in Stab2 KO mice was not altered (Fig. 2C) , we examined the initial step of attachment to the lungs. Melanoma cells expressing luciferase were injected via the tail vein, and cells trapped in the lungs were detected based on luciferase activity after perfusion with PBS to remove nonadherent cells. At 6 h after the i.v. injection, the number of melanoma cells trapped in the lungs was decreased in both the Stab2 KO mice and the mice given anti-Stab2, indicating that tumor metastasis is prevented at the initial stage of tissue penetration in the absence of Stab2 function (Fig. 5 A and B) . Because those mice had extremely high plasma HA levels, we considered that the attachment of melanoma cells to the lungs is enhanced by HA displayed on the surface of blood vessels in normal lungs, and that a high level of HA in plasma blocks this interaction. In fact, melanoma cells adhered to HA-coated plates and pulmonary ECs, and HA at high concentrations, similar to those in serum of Stab2 KO mice, inhibited the attachment (Fig. 5, Fig. S3F , and Movies S1 and S2). Although i.v. injected HA is rapidly removed from the circulation, we found that the i.v. injection of a very high dose of HA was able to maintain the plasma HA concentration at a high level for at least 10 h (Fig. 5C ). After the circulating HA level increased, B16F10 cells were injected to evaluate their attachment to the lungs. Metastasis of B16F10 cells to the lungs was markedly suppressed under these conditions (Fig. 3D) . These results strongly suggest that inhibition of Stab2 function prevents tumor metastasis by elevating the plasma HA level.
Previous studies found that forced expression of HAS increased tumor cell proliferation and metastasis, whereas inhibition of HAS prevented proliferation and metastasis (23, 24, 30) . These experiments suggested that HA promotes tumor proliferation and metastasis, whereas our results indicate that HA prevents metastasis. The critical difference between the previous studies and the present study is that we focused on the circulating HA, whereas most of the previous studies investigated extracellular matrix and pericellular HA. Therefore, it seems that the function of HA can differ depending on location.
In conclusion, our Stab2 KO mice were viable and exhibited no overt defects, but had dramatically increased plasma HA levels. This indicates that Stab2 is dispensable for normal development and homeostasis, and that an extremely high level of plasma HA has no deleterious effect. The increase in circulating HA levels was inversely correlated with metastasis and inhibited the attachment of melanoma cells to the lungs. Moreover, the administration of an anti-Stab2 mAb also increased the plasma HA level and blocked the metastasis of not only mouse melanoma cells, but also human breast tumor cells with no side effects. Thus, functional inhibition of Stab2 may be a potential strategy to suppress tumor metastasis.
Materials and Methods
A Stab2 KO mouse line was generated by conventional methods, as described in SI Materials and Methods, and backcrossed with C57BL/6 for at least six generations. Anti-mouse Stab2 mAb (#34-2) was generated in our laboratory (10) . Serum HA levels were measured with an HA assay kit (Seikagaku Biobusiness) in accordance with the manufacturer's instructions. The cell internalization of FITC-HA into HSECs was performed as described previously (10) . For FACS analysis, HSECs were incubated with indicated antibodies and FITC-HA, and labeled cells were analyzed with a FACSCalibur flow cytometer (BD Biosciences). B16F10 cells [5 × 10 5 (Fig. 2) or 5 × 10 4 ( Fig. 3) ] were injected into the tail vein. At 14 d after injection, the lung surface nodules were counted. For imaging in vivo, 5 × 10 5 B16F10-luc-G5 cells were injected i.v. At 7 d after the injection, metastasis was analyzed with luciferase luminescence as described previously (31) . MDA-MB-231-luc-D3H2LN cells (4 × 10 6 ) were injected into the mammary gland of SCID mice, and metastasis was analyzed using the IVIS imaging system (31, 32) . 4T1-LucNeo-1H cells (5 × 10 4 ) were injected into a mammary fad pad of SCID mice. Rolling and/or tethering of B16 melanoma cells onto cultured pulmonary ECs was analyzed under flow conditions at 0.7 dynes/cm 2 with the VenaEC System (Cellix) using confocal microscopy (Nikon A1R). Before the experiments, B16 melanoma cells were stained by CellTracker Red CMTPX (Molecular Probes) and Hoechst 33342 (Molecular Probes). Pulmonary ECs were also stained with CellTracker Green CMFDA (Molecular Probes) and Hoechst 33342. More detailed information is provided in SI Materials and Methods.
